Introduction
============

C-X-C chemokine receptor 4 (CXCR4) is an exclusive receptor for stromal cell-derived factor-1 (SDF-1, also known as CXCL12) that has been widely recognized to function in tumor progression. The orphan receptor CXCR7 has been identified as another high-affinity CXCL12 receptor that can also bind CXCL11 ([@b1-etm-0-0-2748]--[@b3-etm-0-0-2748]). The biological effects of CXCR4 may, therefore, be attributed to CXCR7 ([@b4-etm-0-0-2748]).

CXCR7 is an atypical, chemokine-specific seven-transmembrane guanosine-binding protein-coupled receptor that, unlike other CXCRs, does not induce intracellular Ca^2+^ release following ligand binding ([@b1-etm-0-0-2748],[@b5-etm-0-0-2748]). Previous characterization of CXCR7-deficient mice has suggested that the receptor plays an innate role in fetal cardiac development and B-cell localization ([@b1-etm-0-0-2748],[@b6-etm-0-0-2748]--[@b8-etm-0-0-2748]). In addition, studies have indicated that, like CXCR4, CXCR7 is weakly expressed or absent in the majority of normal tissues but is highly expressed in several types of cancer, including prostate, lung, liver, melanoma, rhabdosarcoma, brain, breast and pancreas ([@b1-etm-0-0-2748],[@b7-etm-0-0-2748],[@b9-etm-0-0-2748]). Furthermore, CXCR7 expression is necessary for cancer cell survival, tumor development and metastases ([@b1-etm-0-0-2748],[@b7-etm-0-0-2748],[@b9-etm-0-0-2748]).

Little is currently known about the role of CXCR7 in colon cancer growth and metastasis. The aim of the present study was to investigate the localization of CXCR7 in human colon cancer cell lines and to explore its function in cell survival and migration by reducing its expression using a CXCR7-small interfering RNA (siRNA) recombinant lentivirus.

Materials and methods
=====================

### Screening of cell lines

#### Cell culture

The HT-29 and SW-480 human colon cancer cell lines (Cell Center of Xiangya Medical College of Central South University, Changsha, China) were cultured in RPMI-1640 medium (Gibco™; Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were maintained at 37°C in an incubator with 5% CO~2~ and saturated humidity.

#### Quantitative polymerase chain reaction (qPCR) of CXCR7 mRNA

Total RNA was extracted from HT-29 and SW-480 cells in the logarithmic growth phase using TRIzol® according to the manufacturer\'s instructions (Invitrogen™; Life Technologies, Paisley, UK). cDNA was synthesized using a RevertAid™ kit (MBI Fermentas, Vilnius, Lithuania). Fluorescence qPCR was performed in a 25-µl reaction mixture containing 12.5 µl SYBR® Premix Ex Taq™ (Takara Bio, Otsu, Japan) (2X), 1 µl 10 µM primer pair mixture, 2 µl cDNA template and double-distilled H~2~O. Amplification was initiated by predegeneration at 95°C for 5 min, followed by 40 cycles of denaturation at 94°C for 20 sec, annealing at 53°C for 20 sec and extension at 72°C for 20 sec, with a final extension at 72°C for 5 min. The CXCR7 primer sequences were as follows: Forward, 5′-ctg cgt cca aca atg ag-3′ and reverse, 5′-gga agt aga aga cag cga ta-3′ (Telebio Biomedical Co., Ltd., Shanghai, China). 18S rRNA was used as an internal normalized reference (forward, 5′-acg gac agg att gac aga tt-3′; reverse, 5′-gcc act tgt ccc tct aag aa-3′). CXCR7 gene expression was analyzed using the ΔΔCt method, as follows: 2^−ΔΔCT^ \[ΔΔCT = (Ct(CXCR7) - Ct(18S rRNA))~target~ - (Ct(CXCR7) - Ct(18S rRNA))~internal\ standard~\]. The cell line with the highest CXCR7 expression was used for all subsequent experiments.

### Construction of recombinant CXCR7-short hairpin RNA lentiviral vector (LV-CXCR7-shRNA)

LV-CXCR7-shRNA was constructed as previously described ([@b10-etm-0-0-2748]). The small interfering RNA (siRNA) sequence against CXCR7 (GenBank, NM_020311) was designed using BLOCK-iT™ RNAi Designer (<https://rnaidesigner.invitrogen.com/rnaiexpress/design.do>) as follows: gcagccggaagatcatcttct. Double-stranded CXCR7-shRNA hairpins (forward, 5′-accacgcgtggcagccggaagatcatcttctctctcttgaattc-3′; reverse, 5′-aaaatcgataaaaaagcagccggaagatcatcttctgaattcaagagag-3′) were synthesized and cloned into the plVTHM shuttle plasmid (Telebio Biomedical Co., Ltd., Shanghai, China) with T4 DNA ligase (New England Biolabs, Ipswich, MA, USA). 293T cells (Cell Bank of the Shanghai Institutes for Biological Sciences, Shanghai, China) were co-transfected with plVTHM-CXCR7-shRNA and lentiviral packaging plasmids. The viral supernatant was collected 72 h after transfection. The negative control was simultaneously generated, and the standard negative control recombinant plasmid (interference sequence: ttctccgaacgtgtcacgt) was provided by Telebio Biomedical Co., Ltd.

### Transfection

The human colon cancer cells were divided into three groups: Experimental (treated with LV-CXCR7-shRNA), negative control (treated with LV-shRNA negative control) and blank control (no treatment). Each group of cells was inoculated in six-well culture plates and incubated overnight prior to transfection. As the cells reached 60--75% confluence, CXCR7 shRNA or negative control virus vectors were inoculated \[multiplicity of infection (MOI) = virus number/cell number = 20\]. The medium was changed after 24 h to remove any remaining viral vector. Cells were cultured for 72 h, and green fluorescent protein (GFP) expression was examined using fluorescence microscopy (BA410; Motic, Xiamen, China).

### Immunofluorescence (IF) analysis of CXCR7 protein

Cells were seeded and grown on coverslips in six-well culture plates for 24 h and fixed in a mixture of 6 parts absolute ethanol:3 parts chloroform:1 part glacial acetic acid for 20 min. The cells were then washed three times in phosphate-buffered saline (0.01 M, pH 7.2) and blocked with goat serum albumin for 20 min. The coverslips were incubated with primary polyclonal rabbit anti-CXCR7 antibody (1:50; ab12870; Abcam, Cambridge, UK) overnight at 4°C, and then incubated with goat anti-rabbit IgG fluorescein isothiocyanate (FITC)-conjugated secondary antibody (ZF-0311; ZSGB-Bio, Beijing, China) at 37°C for 40 min. IF images were visualized using a fluorescence microscope (BA410; Motic).

### MTT assay

Each group of cells was seeded in 96-well plates at a density of \~1×10^4^ cells (100 µl) per well 76 h after transfection. After 1, 2, 3, 4 and 5 days, MTT (Sigma, St. Louis, MO, USA) was added to the cultures at a final concentration of 0.2 mg/ml and incubated for 4 h at 37°C. Dimethylsulfoxide (Sigma) (150 µl/well) was added to each well following the removal of the supernatant. The optical density (OD) was measured at 490 nm using a spectrophotometer. Cell survival rates (CSRs) were calculated according to the following formula: CSR (%) = (OD~dosing\ cell~/OD~blank\ control\ cell~) ×100.

### Cell migration assay

A 200-µl cell suspension containing 1×10^4^ cells was seeded into the upper chamber of a Transwell® system (6.5-mm Transwell filter with 8.0-µm pore polycarbonate membrane), and 500 µl chemotactic factor from NIH/3T3 cell supernatant (Cell Bank of the Shanghai Institutes for Biological Sciences) was added to the lower chamber. Following incubation at 37°C for 24 h, cells that had migrated to the external surface of the membrane were fixed with 4% paraformaldehyde and stained with hematoxylin and eosin.

### Statistical analysis

Statistical analysis was performed using SPSS 19.0 statistical software (IBM SPSS, Armonk, NY, USA). The data are presented as the mean ± standard deviation. Differences among multiple groups were analyzed using one-way analysis of variance. The differences between two groups were determined using the Student-Newman-Keuls method. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CXCR7 mRNA expression in HT-29 and SW-480 human colon cancer cell lines

CXCR7mRNA expression was evaluated in HT-29 and SW-480 cells using qPCR ([Fig. 1](#f1-etm-0-0-2748){ref-type="fig"}). The results indicated that CXCR7 mRNA was expressed in both cell lines, although the expression in the HT-29 cells was notably higher than that in the SW-480 cells. HT-29 cells were therefore used for further analysis.

### Transfection efficiency of lentiviral vector

HT-29 cells were transfected with LV-CXCR7-shRNA and LV-shRNA negative control, according to the grouping, for 96 h (MOI=20), and GFP expression was examined using fluorescence microscopy. An intense green signal ([Fig. 2](#f2-etm-0-0-2748){ref-type="fig"}) was observed in \~80% of the cells. These results showed that the cells could be stably transfected with high efficiency.

### CXCR7 protein localizes to the plasma membrane

The localization of CXCR7 protein was examined using IF, and it was found that the protein localized to the membrane and was not intracellular ([Fig. 3](#f3-etm-0-0-2748){ref-type="fig"}). CXCR7-knockdown was confirmed to decrease protein expression, as the experimental group of cells showed little to weak expression whereas both the negative control and the blank control group cells showed abundant, intense expression. No obvious differences could be detected between the negative control and blank control groups. The IF analysis suggested that LV-CXCR7-shRNA effectively decreased the expression of CXCR7 protein in HT-29 cells.

### CXCR7-knockdown decreases cell survival

Cell survival following CXCR7-knockdown was measured using an MTT assay. As shown in [Table I](#tI-etm-0-0-2748){ref-type="table"} and [Fig. 4](#f4-etm-0-0-2748){ref-type="fig"}, the CSRs of cells with knocked down CXCR7 were significantly decreased and the survival curve was lower than that in the negative control and blank control groups (P\<0.05). The results suggested that CXCR7 inhibition significantly reduced the colon cancer CSR; however, the cell survival of the negative control group cells was also significantly decreased compared with that of the blank control group cells ([Table I](#tI-etm-0-0-2748){ref-type="table"} and [Fig. 4](#f4-etm-0-0-2748){ref-type="fig"}, P\<0.05). Furthermore, cells in both the experimental and the negative control group showed decreased survival for the first 3 days after lentiviral transfection. Survival rates reached their lowest value on the third day, and then began to gradually increase. These data suggested that the lentiviral vector itself was cytotoxic, leading to decreased cell survival.

### CXCR7-knockdown inhibits cell migration

Transwell migration assays were performed to evaluate whether CXCR7 plays a role in HT-29 cell migration. Upon CXCR7-knockdown, cell migration significantly decreased compared with the negative control and blank control groups ([Fig. 5](#f5-etm-0-0-2748){ref-type="fig"}, P\<0.05), but did not significantly change between the two control groups ([Fig. 5](#f5-etm-0-0-2748){ref-type="fig"}, P\>0.05). The results indicated that CXCR7-knockdown inhibited colon cancer cell migration.

Discussion
==========

The CXCL12-CXCR4 axis has been shown to regulate cancer growth and metastasis ([@b11-etm-0-0-2748],[@b12-etm-0-0-2748]). Increasing evidence has suggested that CXCR7 acts as an alternative CXCL12 receptor and is expressed on embryonic and neoplastic transformed cells, but is absent or weakly expressed in normal tissues ([@b1-etm-0-0-2748],[@b7-etm-0-0-2748]). Studies have also shown that CXCR7 is involved in various biological functions, including cancer cell proliferation, invasion and migration ([@b13-etm-0-0-2748],[@b14-etm-0-0-2748]).

A previous study found that CXCR7 was co-expressed with epidermal growth factor receptor and/or CXCR4 (double- or triple-positive) to contribute to cervical cancer progression ([@b15-etm-0-0-2748]). Other studies of prostate and hepatocellular carcinomas have shown that CXCR7 promotes vascular endothelial growth factor secretion, resulting in tumor angiogenesis ([@b16-etm-0-0-2748],[@b17-etm-0-0-2748]). The CXCR7 transduction pathway involves β-arrestin 2 recruitment and enhanced extracellular signal-regulated kinase and p38 signaling in response to CXCL12 stimulation ([@b8-etm-0-0-2748],[@b18-etm-0-0-2748]); however, it does not involve increased K-Ras activity ([@b4-etm-0-0-2748]).

Although CXCR7 has been widely implicated in various types of cancer, its function in colon cancer remains unclear. We hypothesized that CXCR7 may contribute to colon cancer progression through the promotion of cell survival and migration; therefore, the localization of CXCR7 in human colon cancer cells *in vitro* and the role of CXCR7 in cell survival and migration were evaluated in the present study.

In this study, it was found that the HT-29 human colon cancer cell line expressed higher CXCR7 levels than SW-480 cells ([Fig. 1](#f1-etm-0-0-2748){ref-type="fig"}), and HT-29 cells were therefore used for further analyses. Recombinant CXCR7-siRNA lentivirus was constructed and transfected into HT-29 cells with \~80% transfection efficiency ([Fig. 2](#f2-etm-0-0-2748){ref-type="fig"}). Consistent with several studies that CXCR7 provides a survival advantage for cancer cells ([@b1-etm-0-0-2748],[@b7-etm-0-0-2748],[@b16-etm-0-0-2748]), the present data demonstrated that CXCR7-depleted HT-29 cells had significantly decreased CSRs ([Table I](#tI-etm-0-0-2748){ref-type="table"} and [Fig. 4](#f4-etm-0-0-2748){ref-type="fig"}), indicating that CXCR7 facilitates HT-29 cell survival *in vitro*; however, HT-29 cells transfected with LV-shRNA negative control lentiviral vector also showed a significant reduction in cell survival, suggesting that the lentivirus itself was cytotoxic.

Transwell migration assays revealed that knocking down CXCR7 significantly inhibited cell migration ([Fig. 5](#f5-etm-0-0-2748){ref-type="fig"}), suggesting that CXCR7 facilitates cell migration, which may contribute to tumor invasion or metastasis. These data are consistent with those of previous studies, showing that decreased CXCR7 expression in cancer cells resulted in decreased cell migration ([@b19-etm-0-0-2748],[@b20-etm-0-0-2748]).

Since invasion and metastasis are the primary causes of cancer-related morbidity and mortality, small-molecule CXCR7 inhibitors could be highly beneficial cancer therapies. The CXCR7 antagonist CCX771 has been shown to reduce extravasation and attenuate metastasis in breast cancer ([@b9-etm-0-0-2748],[@b21-etm-0-0-2748]), providing an attractive therapeutic modality.

Using IF microscopy, it was found in the present study that CXCR7 localized to the cytomembrane; however, the literature describes conflicting results. A study by Berahovich *et al* ([@b22-etm-0-0-2748]) did not detect any surface CXCR7 signal in the PC-3 prostate cancer cell line; however, the present results are consistent with the findings of Singh and Lokeshwar ([@b23-etm-0-0-2748]), which showed that CXCR7 localized to the membrane and did not emit a strong intracellular signal ([Fig. 3](#f3-etm-0-0-2748){ref-type="fig"}). Furthermore, CXCR7 membrane expression was detected in all HT-29 colon cancer cells in the present study. Membrane localization of CXCR7 is beneficial for its use as a cancer target.

In conclusion, the present study provides insight into the function of CXCR7 in colon cancer cells. CXCR7-knockdown negatively affected cell survival and migration *in vitro*, suggesting that CXCR7 functions in tumor aggravation. The present study also supports the previous finding that CXCR7 is expressed on the cytomembrane rather than being found intracellularly, which may be of benefit for the therapeutic targeting of CXCR7. Further research will focus on the molecular mechanisms of CXCR7 in colon cancer and its biological effects *in vivo* and the development of CXCR7-targeted therapies to improve survival.
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![qPCR analysis of C-X-C chemokine receptor 7 mRNA expression in HT-29 and SW-480 cells. qPCR, quantitative polymerase chain reaction.](etm-10-05-1720-g00){#f1-etm-0-0-2748}

![Lentiviral transfection efficiency in HT-29 cells, as assessed using fluorescence microscopy: (A) Magnification, ×100; (B) magnification, ×400.](etm-10-05-1720-g01){#f2-etm-0-0-2748}

![Immunofluorescence analysis of C-X-C chemokine receptor 7 protein in HT-29 cells (magnification, ×400). (A) Experimental group; (B) negative control group; (C) blank control group.](etm-10-05-1720-g02){#f3-etm-0-0-2748}

![Effect of C-X-C chemokine receptor 7-silencing on cell survival. ^∆^P\<0.05 vs. the negative control and blank control groups; ^▽^P\<0.05 vs. the blank control group.](etm-10-05-1720-g03){#f4-etm-0-0-2748}

![Cell migration activity. HT-29 cells that had migrated to the external surface of the membrane were stained with hematoxylin and eosin. Data represent the mean number of migrating cells in five fields at ×400 magnification. (A) Experimental group, (B) negative control group, (C) blank control group; (D) quantification of the number of migrated cells for each group. ^∆^P\<0.05 vs. the negative control and blank control groups; ^▽^P\>0.05 vs. the blank control group.](etm-10-05-1720-g04){#f5-etm-0-0-2748}

###### 

Cell survival rates.

  Group                                                                  Day 1 (%)    Day 2 (%)    Day 3 (%)    Day 4 (%)    Day 5 (%)
  ---------------------------------------------------------------------- ------------ ------------ ------------ ------------ ------------
  Experimental group^[a](#tfn2-etm-0-0-2748){ref-type="table-fn"}^       74.16±1.63   72.97±3.05   62.01±4.78   73.23±4.71   80.78±7.54
  Negative control group^[b](#tfn3-etm-0-0-2748){ref-type="table-fn"}^   93.06±1.30   91.14±6.22   90.12±5.47   94.08±6.87   96.35±4.16
  Blank control group                                                    100          100          100          100          100

Results are presented as the mean ± standard deviation.

P\<0.05 vs. the negative control and blank control groups;

P\<0.05 vs. the blank control group.
